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Determination of peak velocity in stenotic areas:
echocardiography versus k-t SENSE accelerated MR Fourier
velocity encoding
Abstract
The study was approved by the local ethical committees, and informed consent from each participant
was obtained. The purpose of the study was to compare accelerated magnetic resonance (MR) Fourier
velocity encoding (FVE), MR phase-contrast velocity mapping, and echocardiography with respect to
peak velocity determination in vascular or valvular stenoses. FVE data collection was accelerated by
using the k-space and time sensitivity encoding, or k-t SENSE, technique. Peak velocities were
evaluated in five healthy volunteers (one woman, four men; mean age, 28 years; range, 23-34 years),
three patients with stenotic aortic valves (two women, one man; mean age, 67 years; range, 39-82
years), two patients with pulmonary valvular stenosis (a 14-year-old girl and a 36-year-old man), and
two patients with aortic stenosis (two women aged 18 and 27 years). In volunteers, peak velocity
determined by the different methods agreed well. In patients, similar peak velocities were obtained by
using accelerated MR FVE and echocardiography, while phase-contrast MR imaging results tended to
underestimate these values. RSNA, 2007
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27 years). In volunteers, peak velocity determined by the
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sults tended to underestimate these values.
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In cardiovascular diseases, determi-nation of the degree of stenosis isimportant regarding the severity of
the condition and in choosing therapeu-
tic options, such as heart valve surgery
and replacement (1). The degree of ste-
nosis can be estimated by measuring its
size and the peak blood flow velocities
through the stenotic area. Doppler ul-
trasonography (US) is commonly em-
ployed for this purpose (2) because of
its relative ease of use, rapidity, and low
cost. It allows, for example, estimation
of the pressure gradient for a stenotic
area on the basis of the simplified Ber-
noulli equation (2). However, detection
with US is not always possible because
of poor acoustic window conditions
caused by air, bone, or scarring in the
acoustic pathway. Furthermore, the ac-
curacy of the estimated peak velocities
is sensitive to beam position, Doppler
angle, and sample-volume size (3). These
shortcomings often limit the examina-
tion of thoracic vessels. Thus, an alter-
native modality enabling accurate and
reliable estimation of the severity of a
stenosis is highly desirable. In this re-
spect, it has been demonstrated that
magnetic resonance (MR) imaging is
able to provide flow information that is
unrestricted in section orientation.
Phase-contrast MR imaging has been
used as an alternative method for peak
velocity detection in several studies
(2,4). Although good correlation has
been found between MR imaging and
echocardiographic results, phase-con-
trast MR imaging results tend to sys-
tematically underestimate peak veloci-
ties (2). This finding is related to the
fact that phase-contrast MR imaging re-
sults provide only the mean velocity for
each voxel, so they tend to underesti-
mate peak velocities when there is a
large dispersion of velocities in voxels
downstream of a stenosis. To address
the problem of intravoxel averaging,
Fourier velocity encoding (FVE) can be
used to resolve the velocity distribution
within each voxel (5,6). FVE measure-
ments are, however, not readily appli-
cable in routine clinical practice be-
cause of the long acquisition time. Con-
sequently, there is considerable interest
in faster FVE techniques for cardiac ap-
plications. Previous approaches to speeding
up FVE data collection traded resolution
in the spatial directions (7,8), the velocity
direction (9,10), or both (11). Macgowan
et al (12) proposed a real-time FVEmethod
incorporating two-dimensional–selec-
Figure 1
Figure 1: Images illustrate information content of four-dimensional MR FVE data set (two spatial dimen-
sions and one temporal and one velocity dimension). Left: Cross-sectional view of ascending aorta at peak
systole shows lowest velocity range from18.75 to18.75 cm/sec encoded by using FVE (16 FVE steps;
encoding velocity, 150 cm/sec), corresponding to static and slow-moving tissues. Top and middle right:
Systolic and diastolic v-y spaces generated by calculating the maximum intensity projection (MIP) in the x
direction show the velocity spectrum in the aorta (moving blood) in comparison to the spectrum of the sur-
rounding static tissues. Bottom right: The v-t space of area in left image encircled by black dashed line after
calculation of the maximum intensity projection in x and y directions. The v-t space illustrates the temporal
evolution of the velocity spectrum, similar to the data provided by Doppler US.
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Advances in Knowledge
 Accelerated MR Fourier velocity
encoding (FVE) enables determi-
nation of peak velocities that are
comparable to those obtained at
both nonaccelerated MR FVE im-
aging and Doppler US.
 MR FVE provides more detailed
information on the velocity distri-
bution in stenotic areas than does
MR phase-contrast velocity map-
ping.
Implication for Patient Care
 In patients with vascular or valvu-
lar stenosis, accelerated MR Fou-
rier velocity encoding holds prom-
ise for determination of peak ve-
locity for estimating the degree of
occlusion, even if US fails because
of poor acoustic window condi-
tions.
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tive excitation pulses for spatial localiza-
tion. More recently, it has been demon-
strated that the k-space and time (k-t)
broad-use linear acquisition speed-up
technique, or k-t BLAST, method (13)
can be utilized to speed up FVE mea-
surements without specifically sacrific-
ing spatial or temporal resolution (14).
We hypothesize that it is possible to
use k-t sensitivity encoding (SENSE)–
accelerated FVE measurements to esti-
mate peak velocities in vascular and val-
vular stenoses in vivo. Thus, the aim of
our study was to implement and validate
a k-t SENSE–accelerated FVE method
and to use this method to measure peak
velocities in volunteers and patients.
Materials and Methods
Theoretical Background
The concept of FVE has already been
described in detail (5). The focus of our
work is two-dimensional cine imaging,
where an FVE acquisition yields a four-
dimensional data space with two spatial
dimensions (x, y), one velocity dimension
(v), and one time dimension (t) (Fig 1).
In FVE, the velocity field of view ranging
from negative to positive encoding ve-
locity (as known from conventional
phase-contrast MR imaging) is split into
several velocity ranges according to the
number of velocity-encoding steps (FVE
steps). The velocities within each range
are projected onto a single image.
In FVE, velocity is encoded as an
additional dimension in k-space (15).
Hansen et al (14) demonstrated that the
k-t broad-use linear acquisition speed-up
technique, or k-t BLAST, method can be
used to accelerate a time-resolved FVE
study by undersampling the velocity-en-
coding dimension kv, similar to under-
sampling a second spatial phase-encod-
ing direction kz, as in the acquisition of
dynamic three-dimensional data (16).
Our work extends the previous ap-
proach by utilizing k-t SENSE (13) to
additionally incorporate signals from
multiple receive coils in parallel to im-
prove reconstruction accuracy. Coil
sensitivities are estimated directly from
the temporally averaged undersampled
data (13,17) (Fig 2).
Peak Velocity Evaluation
Peak velocities were calculated from the
FVE reconstruction according to a mod-
ified semiautomatic version of a previ-
ously published method (7,14). A region
of interest was selected on the lowest-
velocity images to identify the tube or
vessel of interest. Subsequently, maxi-
mum intensity projection reformations
were performed along the spatial di-
mensions. For each time frame, the
maximum intensity projection velocity
spectrum was Fourier interpolated to
reduce discretization errors. In this
spectrum, the peak at the highest veloc-
ity was selected after a user-defined
threshold was applied to exclude peaks
resulting from truncation artifacts caused
by the low-velocity resolution or from
noise. The threshold was adjusted be-
tween 20% and 50% of the maximum
peak in the entire spectrum. Subse-
quently, the peak velocity was deter-
mined by the maximum descent of this
velocity peak, indicated by the local
minimum of the derivative of the spec-
trum (7).
The semiautomatic evaluation of the
peak velocities was performed by a sin-
gle operator (C.B., with 5 years of expe-
rience with MR imaging) for all FVE and
phase-contrast data sets, including phan-
tom, volunteer, and patient data.
Phantom Experiments
Phantom experiments were performed to
enable comparison of peak velocities
determined with accelerated FVE mea-
surements and those determined with
Doppler US. Pulsatile flow was gener-
ated in tubes with an inner diameter of
20 mm and two degrees of stenosis di-
ameter (75% and 90%). The output of
the flow pump was adjusted to generate
Figure 2
Figure 2: Flowchart summarizes k-t SENSE reconstruction applied to accelerate FVE data collection. The
acquisition consists of two stages: a high-spatial-resolution undersampling stage (left) and a low-spatial-
resolution fully sampled training stage (right). Top: Optimal sampling pattern (18) at eightfold acceleration is
shown for an example kv-ky-t space (kv 16, ky 56, t 32; 62 training profiles per cardiac phase), where
an elliptic shutter is applied to further reduce data acquisition. The ky lines are evenly skipped in the under-
sampling stage but not in the training stage. Middle: Corresponding v-y spaces. The undersampled data set
(left) exhibits aliasing, while the training data set (right) does not. Bottom: In the k-t SENSE reconstruction, the
low-resolution training data are used in conjunction with the encoding capabilities of the coil array to resolve
aliasing of the undersampled data, yielding an aliasing-free high-resolution reconstruction (v-y spaces).
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peak velocities in the range from 150 to
590 cm/sec (Fig 3). The phantom fluid
was doped with MnCl2 to achieve a T1
relaxation time of 1100 msec, similar to
the value of blood. All experiments were
performed with an 1.5-T whole-body
MR system (Intera; Philips Medical Sys-
tems, Best, the Netherlands) by using a
five-element phased-array coil (two cir-
cular anterior elements [diameter: 20
cm] and three rectangular posterior el-
ements [14  20 cm]) for signal recep-
tion.
FVE data were acquired (C.B. and
M.S.H., with 5 years of experience with
MR imaging) at the end of the stenotic
area with no acceleration, eightfold ac-
celeration, and 16-fold acceleration by
using the following parameters: field of
view, 58  230 mm2; measured spatial
resolution, 0.9  0.9  5 mm3; repeti-
tion time msec/echo time msec, 12.0/
4.0–5.2; flip angle, 15°; bandwidth, 45
kHz; number of FVE steps, 16; encoding
velocity, 200–600 cm/sec; and two ve-
locity interleaves per cardiac phase. In
accordance with the findings in recent
reports (16,19), the number of training
profiles was set to nine in both the
phase-encoding and the velocity-encod-
ing direction. The resulting acquisition
times were 440, 55, and 35 seconds,
including the acquisition of the training
data, for no acceleration, eightfold ac-
celeration, and 16-fold acceleration, re-
spectively.
To investigate the effect of low spa-
tial resolution on peak velocity detec-
tion, the eightfold-accelerated and 16-
fold–accelerated FVE acquisitions were
repeated for each flow velocity with a
decreased spatial in-plane resolution mim-
icking that of in vivo breath-hold acqui-
sitions in the aorta (field of view, 230 
330 mm2; spatial resolution, 2.3 
2.3  5 mm3; 5.1–6.0/3.0–4.0; flip an-
gle, 15°; bandwidth, 65 kHz; number of
FVE steps, 16; encoding velocity, 200–
600 cm/sec; and four velocity interleaves
per cardiac phase). These settings re-
sulted in imaging times of 28 and 14
seconds for eightfold and 16-fold under-
sampled acquisitions, respectively, and
10 extra seconds for the training data.
In addition, peak velocities were de-
tected by using conventional phase-con-
trast velocity mapping with two spatial
resolutions: (a) a resolution equal to
that of FVE reference data of 0.9 
0.9  5 mm3 (12.0/2.8–3.0; flip angle,
15°; bandwidth, 45 kHz) and (b) low
resolution equal to that of an in vivo
breath-hold acquisition of 2.3  2.3  5
mm3 (4.0–4.3/1.9–2.1; flip angle, 15°;
bandwidth, 65 kHz). Accordingly, imag-
ing times were 55 and 43 seconds, re-
spectively.
For the US measurements, the phan-
tom setup remained on the MR imaging
unit bed, which was moved outside the
main magnetic field. Pulsed-wave Dopp-
ler US data were acquired from down-
stream through a window permeable to
US waves by using a standard system
(Vivid 7; GEVingmedUltrasound, Horten,
Norway) and a 2.5-MHz probe. The US
experiments were performed by an op-
erator (E.M.P., with 1 year of experi-
ence) who was blinded to the MR imag-
ing results. US beam and flow direction
were aligned in parallel, and the US
pulsed Doppler sample volume was
placed at the same position as the MR
imaging section.
In Vivo Evaluation
Five healthy volunteers (one woman,
four men; mean age, 28 years; range,
23–34 years) and three patients with
stenotic aortic valves (two women, one
man; mean age, 67 years; range, 39–82
years) were examined at Aarhus Uni-
versity Hospital, Skejby, Denmark. Two
additional patients with mild and mod-
erate pulmonary valvular stenosis (one
14-year-old girl and one 36-year-old
man, respectively) and two patients with
moderate to severe aortic stenosis (two
women aged 18 and 27 years) were ex-
amined at Guy’s Hospital, London, En-
gland. Volunteers were rated as healthy
according to results of anamnesis and
physical examination before the MR
measurements. The diagnoses in the pa-
tients were made on the basis of results
of prior clinical cardiovascular examina-
tions. The study was approved by the
local ethical committee at each hospital,
and informed consent was obtained
from each participant. All patient exam-
inations were performed as part of a
routine clinical cardiac MR imaging ex-
amination.
In volunteers, the imaging section
for velocity detection was positioned
perpendicular to the ascending aorta,
close to the aortic valve, on the basis of
findings on systolic coronal and sagittal
Figure 3
Figure 3: Phantom setup used to measure peak velocities in a tube (tube diameter [dTube ], 20 mm) with
stenoses of different diameters (dStenosis ) ; 1 (dStenosis/dTube): 75% and 90%. At the inlet, pulsatile flow was
generated, resulting in peak velocities of 150 –590 cm/sec. Peak velocities were detected by using conven-
tional MR phase-contrast (PC) velocity mapping and nonaccelerated, eightfold-accelerated, and 16-fold–
accelerated k-t SENSE MR FVE data and were compared with values at Doppler US.
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scout images. In patients, two additional
cine balanced steady-state free preces-
sion scout images were acquired se-
quentially in coronal and sagittal orien-
tations to localize the direction of the
flow jet. The section position for peak
velocity detection was planned on sys-
tolic scout images and was oriented per-
pendicular to the flow jet, close to the
stenotic area in the laminar core of the
jet. In both volunteers and patients,
eightfold-accelerated and 16-fold–accel-
erated FVE measurements (C.B., M.S.H.)
were obtained with the following imag-
ing parameters: spatial resolution, (1.3–
2.8)  (1.3–2.8)  5 mm3; 4.8–6.6/
2.3–3.1; flip angle, 15°; bandwidth, 65
kHz; number of FVE steps, 16; encoding
velocity, 150–700 cm/sec; number of
cardiac phases, 24–32; and breath-hold
duration, 15–20 seconds. The number
of cardiac phases and the spatial resolu-
tion were adjusted according to the
heart rate and breath-hold capacity of
the subjects. Subsequently, the number
of interleaved velocity-encoding steps
was adapted to fill one cardiac phase.
Additionally, peak velocities were de-
tected by using conventional phase-con-
trast velocity maps acquired during free
breathing, thus allowing for higher spa-
tial resolution (resolution, [1.3–1.4] 
[1.3–1.4]  8 mm3; 5.4–5.8/2.2–2.6;
flip angle, 15°; bandwidth, 65 kHz; en-
coding velocity, 150–700 cm/sec; num-
ber of signals acquired, three; and imag-
ing time, 203–406 seconds).
Doppler echocardiography data were
acquired by using a 2.5-MHz probe. The
examinations were performed by separate
operators (including E.M.P., with 1 year of
experience) who were blinded to the MR
imaging results. In volunteers, a pulsed-
wave sample volume was placed down-
stream of the stenotic area, as close as
possible to the position of the MR imag-
ing section through an apical long-axis
view. Peak velocity was determined as
the average of the peak velocities of two
to three continuous heartbeats after angle
correction. In patients, continuous-wave
Doppler US was used to detect the peak
velocity in the blood flow jet. Standard
imaging windows were examined, and
the highest velocity detected in any im-
aging window was used as the peak ve-
locity.
Figure 4
Figure 4: Graphs show results of Bland and Altman comparison of relative differences (Rel. Diff.) among in
vitro results. (a)Peak velocities detected by using nonaccelerated MR FVE (FVE ref) underestimated the Doppler
US values only slightly. (b–d)Accelerated MR FVE and conventional phase-contrast (PC)MR imaging led to a
marginal increase in this underestimation at a spatial resolution of 0.9 0.9 mm2. (e–g) At a lower spatial reso-
lution of 2.3 2.3 mm2, accelerated MR FVE still yielded only moderate underestimation, whereas phase-con-
trast velocity mapping resulted in substantial underestimation. 8FVE eightfold-accelerated FVE, 16FVE
16-fold–accelerated FVE,SD standard deviation.
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Statistical Analysis
Peak velocities detected with the MR
imaging methods were compared with
values at Doppler US by calculating the
relative mean differences with 95% lim-
its of agreement (2 standard devia-
tions) according to the method of Bland
and Altman (20). Comparison of the in
vivo data was performed separately for
volunteers and patients. In addition,
simple regression analyses were per-
formed by using statistical analysis soft-
ware (Origin, version 7.5; OriginLab,
Northampton, Mass) to estimate the
correlation coefficient (R2) of the peak
velocities between the different MR
methods and echocardiography. P val-
ues are given for the t test that the slope
of the regression equals zero by using a
significance level of .05.
Results
Phantom Experiments
Nonaccelerated MR FVE results (at a
spatial resolution of 0.9  0.9 mm2)
underestimated the peak velocity values
at US slightly (Fig 4a) (mean relative
difference between MR and US mea-
surements, 4.9%  6.5 [2 standard
deviations]). The accelerated MR FVE
measurements led to a marginal in-
crease of this underestimation (eight-
fold acceleration: 8.0%  6.7; 16-fold
acceleration: 9.8%  7.6). Similar re-
sults (11.2%  4.5) were obtained
with nonaccelerated phase-contrast MR
imaging at the same resolution. Further-
more, excellent correlation (R2) with the
US values was found for all MR imaging
methods (nonaccelerated, eightfold-accel-
erated, and 16-fold–accelerated FVE
and phase-contrast MR imaging): R2 
1.00 and P  .001 for all calculations.
Decreasing the spatial resolution of all
measurements to 2.3 2.3 mm2 yielded
an additional, but still moderate, under-
estimation of the peak velocities de-
tected with accelerated MR FVE imag-
ing (eightfold acceleration: 10.9% 
8.5; 16-fold acceleration: 13.4% 
9.0). In contrast, the underestimation
with phase-contrast velocity mapping
doubled to 22.1%  5.7. Correlation
analysis indicated that R2  1.00 for
Figure 5
Figure 5: Representative FVE data (spatial resolution, 2.7 2.7 5 mm3; 6.1/3.1; flip angle, 15°; band-
width, 65 kHz; number of FVE steps, 16; encoding velocity, 180 cm/sec; number of cardiac phases, 32) ac-
quired in healthy volunteer by using eightfold acceleration (8) (breath-hold duration, 18 seconds for high-
spatial-resolution data acquisition and 9 seconds for training data acquisition) and 16-fold acceleration
(16) (breath-hold duration, 20 seconds). Top: Transverse views during (left) systole (130 and 140 msec
after R wave) and (right) diastole (619 and 674 msec after R wave) at lowest velocity range, from vFVE22.5
to22.5 cm/sec. Aorta (arrows) appears dark during systole (high velocities) and bright during diastole (low
velocities), allowing the easy segmentation required for peak velocity determination. The quality of the FVE
data can be inspected from the corresponding v-y (second row) and v-t (third row) spaces, which show the
velocity spectrum over space and the change of the velocity spectrum over time, respectively. Bottom: Graph
shows results of comparison of peak velocities over time at Doppler US and accelerated MR FVE imaging.
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eightfold-accelerated FVE, 16-fold–ac-
celerated FVE, and phase-contrast MR
imaging (P  .001 for all calculations).
In Vivo Evaluation
Adequate image quality for identifying
cardiac and vascular anatomy was
achieved for all volunteers by using
eightfold-accelerated and 16-fold–accel-
erated MR FVE (Fig 5). Thus, peak ve-
locity determination was possible in all
healthy subjects.
In volunteers, peak velocities aver-
aged over US and all MR acquisitions
were 132 cm/sec  13. In an example
volunteer, peak velocities detected with
accelerated MR FVE (eightfold acceler-
ation: 147 cm/sec; 16-fold acceleration:
146 cm/sec) and those detected with US
(144 cm/sec) were in excellent agree-
ment, although the US curve appeared
narrower than the MR FVE curve in this
particular case (Fig 5b).
In patients, peak velocities were, on
average, 396 cm/sec  94. In one pa-
tient with pulmonary stenosis, the peak
velocity detected with eightfold-acceler-
ated MR FVE (361 cm/sec) agreed with
the US value (350 cm/sec) (Fig 6), and
peak velocity measured with 16-fold–
accelerated MR FVE (313 cm/sec) dif-
fered slightly from the US value.
The peak velocities measured in vol-
unteers and patients spanned a wide
range of values (Fig 7a). FVE data were
successfully collected within breath holds
by using eightfold-accelerated and 16-
fold–accelerated imaging for all subjects
except one patient. Because of the lim-
ited breath-hold capacity of that patient,
sufficient spatial and temporal resolution
could only be achieved by using 16-fold
acceleration. In another patient, the
poor signal-to-noise ratio of the phase-
contrast MR imaging data at the loca-
tion of the flow jet did not allow reliable
peak velocity determination at phase-
contrast MR imaging. Peak velocities
detected at MR imaging and US greatly
differed in one patient (Fig 7a). These
results were excluded from the compar-
ison (Fig 7e–7g).
For volunteers, the accelerated MR
FVE data (Fig 7b, 7c) were found to
agree well with the US measurements
(eightfold acceleration: 5.3%  12.9;
16-fold acceleration: 0.9%  15.2).
Peak velocities detected with conven-
tional phase-contrast MR imaging dif-
fered only slightly from those detected
with MR FVE (0.4%  11.5). Eight-
fold-accelerated FVE measurements
(R2 0.86, P .06) and phase-contrast
Figure 6
Figure 6: Images in patient with pulmonary stenosis. (a)Systolic frames of cine balanced
steady-state free precession scout image acquired in coronal (top) and sagittal (bottom) orienta-
tions of pulmonary artery. Imaging plane (dashed line) for subsequent velocity measurements with
phase-contrast MR imaging and accelerated MR FVE was perpendicular to flow jet (arrows).
(b)Sixteen-fold–accelerated FVE data (spatial resolution, 2.02.05 mm3; 4.6/2.3; flip angle:
15°; bandwidth, 65 kHz; number of FVE steps, 16; encoding velocity, 450 cm/sec; number of car-
diac phases, 32; breath-hold duration, 21 seconds for high-spatial-resolution data acquisition and
9 seconds for training data acquisition). Images on right are systolic (160 msec) and diastolic (762)
frames in transverse orientation (magnified from image on left), with vFVE less than 56.25 cm/sec.
Corresponding v-y (middle) and v-t (bottom) spaces are shown. Arrows indicate spatial extension
of flow jet during systole. The resulting high-velocity spectrum is clearly visible in both the systolic
v-y space and the v-t space. (c)Doppler US image shows peak velocities over time; lines and data
points show peak velocities over time at accelerated MR FVE imaging.
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velocity mapping (R2  0.90, P  .04)
correlated well with US measurements,
while the correlation coefficient was
slightly lower for 16-fold–accelerated
FVE (R2  0.78, P  .12).
In patients, peak velocities mea-
sured with accelerated MR FVE (eight-
fold acceleration: 1.6%  12.7, 16-
fold acceleration: 2.7%  10.4) were
in good agreement with the US values,
while conventional phase-contrast MR
imaging results (9.1%  18.4) tended to
underestimate the US results. Eightfold-ac-
celerated (R2  0.97, P  .007) and 16-
fold–accelerated (R2  0.99, P  .001)
MR FVE results and echocardiographic
results correlated well, while a poor
correlation between phase-contrast ve-
locity mapping results and echocardio-
graphic results was found (R2  0.89,
P  .04). One patient was excluded
from this comparison because of a sub-
stantial deviation of the MR results from
the US values.
Discussion
Our phantom experiments showed that
results with all MR imaging–based tech-
niques for peak velocity determination
underestimated the US values slightly.
The underestimation further increased
for phase-contrast MR imaging at a
lower spatial resolution, while it re-
mained the same for accelerated MR
FVE. On the other hand, phase-contrast
MR imaging yielded the same peak ve-
locities at all flow rates, suggesting that
the intravoxel velocity distribution did
not change substantially with increasing
flow rate for this experimental setup.
In vivo experiments in healthy vol-
unteers revealed an agreement of the
peak velocities detected at US and those
detected at accelerated MR FVE imag-
ing. In volunteers, the reduced correla-
tion of the peak velocities compared
with that of the values in patient can be
explained by the small variation in the
velocities for the different volunteers.
Slight differences can be explained by
physiologic changes between subsequent
acquisitions. In six patients, the results at
FVE and US agreed well, while phase-con-
trast MR imaging results slightly underes-
timated the US values. In one of these
patients, in whom eightfold-accelerated
MR FVE could not be completed due to a
limited breath-hold capability, 16-fold–
accelerated MR FVE resulted in a peak
velocity that was comparable to the US
value. In another patient, peak velocities
Figure 7
Figure 7: In both volunteers and patients, peak velocities were detected by using eightfold-accelerated
(8) and 16-fold–accelerated (16) MR FVE (breath-hold acquisitions) and conventional phase-contrast
(PC) MR imaging (free breathing). Results were compared with those at US. (a)Graph shows that peak ve-
locities for both volunteers and patients spanned a wide range. In one patient (arrow), eightfold-accelerated
and 16-fold–accelerated MR FVE and phase-contrast MR imaging showed similar peak velocities, while
these results deviated substantially from the US value. Consequently, data in this patient were excluded
from the comparison in e and f. These discrepancies were most likely due to an erroneous US measurement,
because this patient’s medical records revealed a series of suboptimal US examinations caused by poor
acoustic window conditions. Peak velocities are compared between pairs of image acquisitions separately
for (b–d) healthy volunteers and (e–g) patients. Rel. Diff. relative difference, SD standard deviation.
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measured with both FVE and phase-con-
trast MR imaging were considerably
higher than the value at US. This patient
had a history of suboptimal US examina-
tions due to poor acoustic window condi-
tions. Therefore, the discrepancy was at-
tributed to errors in the US measure-
ment. This patient’s data are shown to
point out the potential advantage of accel-
erated MR FVE compared with US.
The underestimation of the peak ve-
locities detected with MR FVE com-
pared with the values detected with US
that was seen in the in vitro experi-
ments was not seen in the in vivo exper-
iments. This could be due to a better-
controlled setup for the in vitro experi-
ments, which allowed small discrepancies
to be detected.
From a technical point of view, this
work was limited by the fact that phase-
contrast MR imaging velocity mapping
was performed during free breathing
and signal averaging was used to reduce
respiratory motion artifacts. In some
subjects, this approach might affect the
accuracy of the measurements because
of varying respiration patterns or physi-
ologic blood flow changes. For this rea-
son, short imaging times within the
range of breath holds might be advanta-
geous to avoid these shortcomings.
For the acquisition of MR data in
laminar to transient turbulent flow con-
ditions, like those found immediately
downstream of stenotic sections, short
echo times are required to prevent sig-
nal voids from intravoxel dephasing. In
the MR FVE measurements, echo times
were approximately 30% longer than at
phase-contrast MR imaging because of
the additional encoding steps required
along the velocity-encoding dimension.
Consequently, careful planning of the
imaging section perpendicular to the
laminar core of the flow jet is essential.
In that respect, a potential limitation of
the method arises when the spatial ex-
tent of the laminar core is in the order
of the spatial resolution of the MR FVE
sequence.
In conclusion, our study results have
demonstrated that k-t SENSE acceler-
ated MR FVE enables data collection
during breath holds in both patients and
volunteers. Accelerated MR FVE en-
abled more reliable determination of
peak velocities than did phase-contrast
MR imaging when there was a large in-
travoxel velocity distribution. Thus, k-t
SENSEacceleratedMRFVEholds promise
for accurate peak velocity detection in
patients with severe vascular or valvular
stenoses, even in cases where echocar-
diography fails because of poor acoustic
window conditions. In general, peak ve-
locity detection with MR imaging be-
comes increasingly challenging at high
velocities (250 cm/sec). Thus, further
studies with a larger number of patients
are needed to evaluate the clinical utility
of accelerated MR FVE techniques.
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